Although the molecular bases of its actions remain debated, tissue-type plasminogen activator (tPA) is a paradoxical brain protease, as it favours some learning/memory processes, but increases excitotoxic neuronal death. Here, we show that, in cultured cortical neurons, tPA selectively promotes NR2D-containing N-methyl-D-aspartate receptor (NMDAR)-dependent activation. We show that tPA-mediated signalling and neurotoxicity through the NMDAR are blocked by co-application of an NR2D antagonist (phenanthrene derivative (2S*, 3R*)-1-(phenanthrene-2-carbonyl)piperazine-2,3-dicarboxylic acid, PPDA) or knockdown of neuronal NR2D expression. In sharp contrast with cortical neurons, hippocampal neurons do not exhibit NR2D both in vitro and in vivo and are consequently resistant to tPA-promoted NMDAR-mediated neurotoxicity. Moreover, we have shown that activation of synaptic NMDAR prevents further tPA-dependent NMDAR-mediated neurotoxicity and sensitivity to PPDA. This study shows that the earlier described pro-neurotoxic effect of tPA is mediated by NR2D-containing NMDARdependent extracellular signal-regulated kinase activation, a deleterious effect prevented by synaptic pre-activation.
In the central nervous system, the ability to convert plasminogen to plasmin was the first proposed molecular mechanism of action of tissue-type plasminogen activator (tPA) for not only the control of fibrinolysis, but also of neuronal survival and plasticity. [1] [2] [3] However, tPA not only activates plasminogen, but rather acts through several modalities 4 by interacting with the low-density lipoproteinrelated receptor protein (LRP), [5] [6] [7] [8] annexin-II 9 or N-methyl-Daspartate receptors (NMDAR). 1, [10] [11] [12] These interactions mediate several potentially damaging effects of tPA, including potentiation of NMDAR-mediated signalling and excitotoxicity. 6, 7, 10 During excitotoxic conditions, tPA has been shown to promote NMDA-induced calcium influx in cortical neurons and subsequent neuronal death through the binding to and cleavage of the NR1 subunit of the NMDAR, either directly 10, 11 or through the recruitment of LRP. 7 The interaction between tPA and the NR1 subunit was shown in vivo to be involved in both excitotoxic and memory paradigms in mice. 12 The intimate link between tPA and NMDAR is reinforced by other observations, such as the modulation of the phosphorylation state of the NR2B subunit of the NMDAR in conditions of chronic alcohol consumption and contextual fear conditioning 13, 14 or the promotion of NMDAR-dependent extracellular signal-regulated kinase (Erk( 1 2 )) signalling in hippocampal neurons. 6, 15 Thus, there is now accumulating evidence that tPA must be considered as a positive neuromodulator of NMDAR-mediated glutamatergic transmission. 11, 16 NMDAR have a crucial function in brain development, plasticity and survival. 17 Deregulations of these receptors can contribute to a variety of neurological and neurodegenerative disorders. 18, 19 NMDAR are mainly composed of assembled NR1a/b and heteromeric NR2 subunits, including NR2A, NR2B and NR2D. 20 Both subunit composition and localization within the neuron (synaptic or extra-synaptic) 21 and subunitspecific protein associations 22 of NMDAR are key determinants of their signalling capacities and implications in the control of neuronal death and survival.
We evidence here that tPA promotes signalling and subsequent neurotoxicity through NR2D subunit-containing NMDAR. In addition, pre-stimulation of synaptic NMDAR prevents tPA-induced potentiation of NR2D-containing NMDAR-dependent Erk( 1 2 ) activation and subsequent proneurotoxicity.
Results
tPA exacerbates neurotoxicity through NR2D-containing NMDAR. Erk ( 1 2 ), a member of the mitogen-activated kinase (MAPK) family, was earlier reported to be recruited in response to NMDAR activation. 15 We thus used phosphorylation of Erk( In the presence of MK-801 (10 mM), an NMDAR-channel blocker with high affinity and a very slow off rate, Erk( 1 2 ) activation induced by NMDA alone, or NMDA plus tPA (20 mg/ml) was dramatically reduced in neurons maintained for 12-14 DIV (Figure 1c) , arguing that Erk( 1 2 ) activation is dependent on NMDAR activation. tPA alone also led to an increased activation of Erk( 1 2 ), which was not blocked by the addition of MK-801 (10 mM) (Figure 1c ), suggesting as shown earlier 15 that tPA could mediate some of its effects through other receptors.
The serine protease activity of tPA has been shown to be necessary to influence NMDAR-induced calcium influx. 10, 11 To determine whether this is also the case for NMDA-induced Erk( 1 2 ) phosphorylation, neurons were treated with tPA-stop (1 mM), a synthetic inhibitor of the proteolytic activity of tPA. Exogenously added tPA or released endogenous tPA because of treatment with NMDA 10 both led to increased Erk( 1 2 ) phosphorylation, and in both cases, addition of tPAstop caused a significant reversal effect (Figure 1d) . A proteolytic event is thus necessary for tPA-induced potentiation of NMDAR-induced Erk( In agreement with the earlier shown aggravating effect of tPA on slowly triggered NMDA toxicity, 10 we observed that a co-application of tPA (20 mg/ml) during a short exposure (10 min) to a high concentration of NMDA (50 mM) in 12-14 DIV neuronal cultures increased neuronal death measured 24 h later (Figure 2a) . To investigate the possible involvement of early Erk( 1 2 ) MAPK activation in this tPA-induced potentiation of NMDAR-mediated neurotoxicity, a co-application of tPA and/or U0126 (5 mM), the upstream MAPK kinase (MEK( 1 2 )) inhibitor, was performed during the 10 min exposure of neurons to NMDA and neuronal death was measured at 24 h. In such conditions, the blockage of Erk ( 1 2 ) MAPK completely prevented the pro-excitotoxic effect of tPA ( Figure 2a ) with no effect on NMDA-mediated neuronal death when applied alone. In contrast, when added after this period of 10 min of NMDA/tPA co-treatment, U0126 did not prevent tPA-induced potentiation of NMDA-mediated neurotoxicity (Figure 2b ). These data confirm that early Erk( 1 2 ) MAPK activation induced by tPA in the presence of NMDA mediates the pro-neurotoxic effects of tPA. U0126 was also associated with the prevention of the ability of tPA to promote NMDARdependent activation of Erk( Figure 2b) , ruling out any involvement of LRP on the observed effects of tPA.
When characterizing the temporal profile of NMDAR subunits expression according to the maturation state of primary cultures of cortical neurons (2 to 14 DIV), we found, in addition to an up-regulation of NR1 and NR2A expression during neuronal maturation in vitro, a significant overexpression of NR2D subunit ( Figure 3 ). The expression levels of NR2C mRNA were low, whatever the stage investigated may be. A confocal microscopy analysis confirmed the presence of an NR2D and NR1 positive immunostaining at the neuronal membrane (see Figure 8b ). We postulated that NR2D could have a critical function in the ability of tPA to promote NMDAR-mediated neurotoxicity. To address this question, we took advantage of the absence of NR2C subunits in our cell culture system ( Figure 3 ) and used phenanthrene derivative (2S*, 3R*)-1-(phenanthrene-2-carbonyl)piperazine-2,3-dicarboxylic acid (PPDA) at a concentration of 0.2 mM, earlier reported to inhibit NR2D-containing NMDAR. 23, 24 In the presence of PPDA, the deleterious effect of tPA on NMDA-induced neuronal death was completely prevented (Figure 4a ), supporting the actual involvement of NR2D-containing NMDAR. To further validate the hypothesis that NR2D subunit has an important function in NMDAR-mediated neurotoxicity, primary cultures of cortical neurons (12-14 DIV) were transiently transfected with Stealth RNA interference targeting NR2D. Among three tested smallinterfering RNAs (siRNAs), we selected one (GRIN2D 23) reducing NR2D mRNA expression by 40% ( Figure 4b ) and having no effect on mRNA levels for the other NMDAR subunits (NR1, NR2A, NR2B, NR2C, NR3A, NR3B) (data not shown). We found that the knockdown of neuronal NR2D expression had no effect on basal NMDA-induced neuronal death, but prevented the potentiating effect of tPA ( Figure 4c ). Accordingly, NR2D RNA interference prevented tPA-promoted NMDAR-induced Erk( 1 2 ) signalling ( Figure 4d ). Interestingly, we observed a difference of sensitivity of neurons to the pro-excitotoxic effect of tPA according to their brain structure of origin. Indeed, although tPA was able to potentiate NMDA-dependent neuronal death in cortical cultures ( Figure 5A ), it failed to do so in hippocampal neurons ( Figure 5B ). RT-qPCR ( Figure 5C ), immunocytochemistry and immunohistochemistry ( Figure 5D ) revealed that while the NR2D subunit is clearly expressed in cortical neurons, it is barely detectable in hippocampal neurons of CA1, CA3 and gyrus dentate areas. Of note, neurons of CA2 exhibit NR2D. On the basis of these observations, we compared the sensitivity of these two brain structures to an intravenous administration of tPA (10 mg/ml) during an NMDA-induced excitotoxic challenge. As expected, although tPA promoted NMDA-induced cortical injury ( Figure 5E and F), it had no effect on the lesion induced by NMDA in the hippocampus ( Figure 5G and H). Altogether these data show that NR2D has an important function in tPA-promoted excitotoxicity, which might be of significant relevance for several neurodegenerative disorders, including ischemic brain injury.
Priming of synaptic NMDAR prevents tPA-promoted NMDAR signalling and neurotoxicity. The neurotoxic effects of NMDA at a concentration of 50 mM are thought to be mainly attributable to extra-synaptic NMDAR. 25 Accordingly, we sought to determine whether the synaptic NMDAR have any implication in the potentiation of NMDAdependent signalling and death by tPA. Synaptic NMDAR were specifically activated by application of a combination of bicuculline (a GABA-A inhibitor; 50 mM) and 4-aminopyridin (4-AP, a weak potassium-channel blocker; 2.5 mM) as described earlier. 25, 26 Although bicuculline-induced Erk( On the basis of these observations, this paradigm was used as a protocol of synaptic preconditioning before NMDA application. Neurons were first treated with bicuculline þ 4-AP, followed by addition of MK-801 (10 mM) and subsequent application of NMDA (50 mM) alone or with tPA. Interestingly, in such conditions, while the rapid and transient NMDARinduced activation of Erk ( 1 2 ) (at 5 min) was not affected, tPA was no longer able to potentiate it (Figure 6c and d) . These data show that prior stimulation of synaptic NMDAR could prevent potentiation of NMDAR-dependent Erk( 1 2 ) signalling by tPA. Accordingly, we observed that, although pre-stimulation and then blockage of synaptic NMDAR did not affect subsequent NMDAR-induced neurotoxicity (around 40% of neuronal death similar to what was observed after regular application of NMDA), they prevented the ability of tPA to potentiate NMDA-dependent neurotoxicity (Figure 7a ). To rule out a potential effect mediated by a direct bicucullinedependent activation of GABA A receptors, additional experiments were performed by using KCl-induced depolarization to stimulate synaptic NMDAR before their blockage by MK-801. Consistent with our earlier observations, although tPA promoted NMDA-induced excitotoxicity, it had no effect when NMDA exposure was preceded by a priming of synaptic NMDAR (Figure 7b) . Then, the same experiments were performed without blocking synaptic NMDAR by MK-801. As described above, while the pre-stimulation of synaptic NMDAR (by bicuculline þ 4-AP or KCl) did not affect NMDAdependent neurotoxicity, it prevented the pro-excitotoxic Figure 4 The tPA promotes NR2D-containing NMDAR signalling and neurotoxicity (a) Neurons (12-14 DIV) were exposed for 60 min to NMDA (50 mM) ± tPA (20 mg/ml). PPDA (0.2 mM) was added concurrently with NMDA to block NR2D-containing NMDAR. LDH released into the bathing medium was assessed 24 h after the excitotoxic exposure. Data are represented as mean ± S.E. Thus, pre-stimulation of synaptic NMDAR prevents potentiation of NMDA-induced signalling and neurotoxicity by tPA. Interestingly, PPDA (used at 1 mM, a concentration leading to a reduced NMDA-dependent neurotoxicity) did not influence NMDA-mediated neurotoxicity after a pre-synaptic priming (KCl stimulation as described above) (Figure 8a ). Accordingly, immunocytochemistry for NR2D performed in primary cultures of cortical neurons showed that synaptic stimulation induced either by a 1 h exposure to bicuculline þ 4-AP or a 15 min application of KCl led to a reduction of NR2D subunits available at the neuronal surface (B65 and B50%, respectively) compared with the levels of NR1, which were not modified (Figure 8b and d) . These data suggest that a pre-stimulation of synaptic NMDAR probably leads to a critical change in the distribution of the NR2D-containing NMDAR that prevents NMDAmediated neurotoxicity and potentiation by tPA.
Discussion
It is now well admitted that NMDAR differentially control neuronal outcome depending on either their cellular localization 26 and/or their composition in subunit 27 and/or their anchorage with cytoplasmic or membrane-associated proteins. 22 In this study, we first show that NMDAR-dependent Erk( 1 2 ) activation is potentiated by both exogenous and endogenous tPA and that its catalytic activity of tPA is a necessary event. These data are in agreement with earlier reports, showing that the proteolytic activity of tPA is critical to mediate its pro-neurotoxic effects. 7, 10, 11 In contrast, others have shown that tPA promotes NMDA-induced Erk( 1 2 ) signalling in hippocampal neurons independently of its proteolytic activity. 15 Whether differences in maturity and/or brain structure of origin can explain this discrepancy remains to be defined. This data did not indicate an involvement of LRP in this mechanism. A recent report 6 suggests that tPA could promote NMDAR signalling through an earlier recruitment of LPR-1 and a possible post-synaptic density-95 (PSD-95)-dependent interaction of tPA bound-LRP-1 with the NR1 subunit of the NMDAR. Surprisingly, although the tPA-induced potentiation of NMDAR signalling was extensively reported, neither co-application of tPA and NMDA were performed nor were neurotoxicity assays performed by these authors. Hence, we cannot exclude that in physiological conditions, a participation of LRP could occur, a mechanism that could be bypassed in pathological conditions, which cause overactivation of NMDAR. Moreover, in an earlier work, 11 LRP has been described to be involved in the reuptake of tPA by astrocytes, suggesting a possible interference of LRP-dependent mechanism in cultured neurons-containing astrocytes. 7 In this study, the primary cultures of neurons used contain o5% of astrocytes.
Differential action of tPA could be also explained by variation in subunit composition of NMDAR. Indeed, NR2A-or NR2B-containing NMDAR within neurons and/or subunitspecific binding partners have been associated with possible differential signalling pathways including neurotoxicity and survival. However, determination of the relative distribution of different NMDAR populations in tPA effects remained a matter Although it is now well admitted that NR1/NR2A and NR1/NR2B di-heteromeric NMDAR are associated with PSD-95, synapse-associated protein 102 (SAP 102) and PSD-93, 28 little is known regarding other NMDAR subunits, especially the NR2D subunit. Interestingly, we found that the NR2D subunit is clearly over-expressed in mature cortical neurons in vitro when compared with immature ones. Expression of NR2D subunit was also evidenced in vivo in cortical areas of adult mouse brains, in structures showing positive immunostaining for tPA. Accordingly, we postulated that this subunit could contribute to the pro-neurotoxic effect of tPA. PPDA was reported as a selective NR2D competitive antagonist at low concentrations, as we used, with an IC50 value of around 0.1 mM. 23, 24, 29 Although, PPDA was also reported as an antagonist of NR2C, in agreement with the absence of NR2C mRNA in our cultured cortical neurons, N2RC was only detected in the cerebellum, thalamus and olfactory bulb. 30 At low concentration, PPDA completely prevented the worsening effect of tPA on NMDA-induced neuronal death. Similarly, a neuronal knockdown of NR2D expression blocked the tPA-dependent potentiation of NMDAR-mediated signalling and neurotoxicity. Although the efficiency of transfection in primary cultures of neurons is rather low, our findings using siRNAs are supported by pharmacological approaches (PPDA) and experiments comparing cortical versus hippocampal neurons. These data are in agreement with recent demonstrations that neurotoxicity is mediated by extra-synaptic NMDAR 26 and that NR2D subunits of NMDAR are exclusively distributed in extra-synaptic NMDAR. 24, 31 In support of this, we observed a differential sensitivity of cortical versus hippocampal neurons to tPA during excitotoxic conditions that could be explained by the presence and absence, respectively, of the NR2D subunit. Interestingly, the blockage of NMDA-dependent neurotoxicity by a high dose of PPDA disappeared when preceded by pre-synaptic priming. This neuroprotective effect of synaptic pre-stimulation could involve a modification of subunit distribution, in particular of the NR2D subunit. These data are of particular interest and also in agreement with the recent demonstration that extra-synaptic NR2D-containing NMDAR are recruited to the synapse during LTP processes. 24 It is also interesting to note that tPA was earlier reported to promote LTP. 32 In addition, we show that priming of synaptic NMDAR signalling prevented both tPA-promoted NMDAR activation of Erk ( 1 2 ) signalling and subsequent neuronal death. These data could be related to earlier observations that ischemic preconditioning induced either by short exposure to hypoxia or short ischemic episodes could have neuroprotective effects. 33 Moreover, Tauskela et al. 34 recently showed that a synaptic NMDAR preconditioning induces a tolerance to oxygen glucose deprivation. Similarly, a protective function of NMDAR in survival of cultured rat cerebellar granule neurons in the presence of depolarizing concentrations of KCl was earlier proposed. 35 As this treatment was suggested to mimic endogenous NMDAR-mediated glutamate signalling, it was hypothesized that NMDAR were required for neuronal survival. Indeed, low doses of NMDA pre-treatment were reported to protect neurons against cell death induced by glutamate. 25, 36 Also relevant to this data, increased synaptic activity induced in cortical cultures protects neurons against neurotoxin in an NMDAR-dependent manner. 26, 37 Although in the presence of MK-801, tPA reduced neurotoxicity induced by NMDA after a pre-treatment with Bic þ 4-AP, it had no Figure 8 PPDA does not influence NMDA-mediated neurotoxicity after a pre-synaptic priming. (a) Neurons (12-14 DIV) were subjected or not to a 15 min incubation in the presence of KCl (75 mM), before NMDA (50 mM) exposure alone or in the presence of tPA (20 mg/ml) for 60 min. PPDA (1 mM) was added concurrently to NMDA to block NR2D-containing NMDAR. LDH released into the bathing medium was assessed 24 h after the excitotoxic exposure. Data are represented as mean ± S.E. neuroprotective activity in the absence of MK-801. As MK-801-induced blockage of basal NMDAR signalling was earlier shown to induce apoptotic neuronal death, 38 we can postulate that in such conditions, tPA could display a neurotrophic activity, which fits well with its earlier shown non-proteolytic anti-apoptotic effect. 39 In pathological scenarios such as ischemia, Ca 2 þ influx through the NMDAR is a key mediator of cell death. However, physiological levels of NMDAR activity can promote neuronal survival and resistance to trauma and have important functions in synaptic plasticity and transmission. Here, we show that, although tPA promotes NMDAR-dependent Erk ( 1 2 ) signalling and neurotoxicity, priming induced by synaptic NMDAR stimulation completely prevents these effects of tPA. Interestingly, this data also show that NR2D-containing NMDAR are critical effectors of the tPA-mediated neurotoxicity. Altogether, these insights may lead to better therapeutic strategies that could enable selective blockade of pro-death signalling properties of tPA while sparing physiological signalling to survival and plasticity. These data throw a new light on the mechanism by which tPA (endogenous and exogenous) could influence the outcome after stroke. Indeed, although tPA is the only approved treatment for acute stroke because of its thrombolytic properties, blockage of the excitotoxic neuronal damages produced by tPA is now considered as a challenging strategy to improve the efficiency and/or therapeutic window of stroke acute treatment. Neuronal cultures. Neuronal cultures were prepared from foetal mice (embryonic day 15-16) as described earlier. 40 Cortices or hippocampi were dissected and dissociated in DMEM, and plated, respectively, on 24-and 48-well plates earlier coated with poly-D-lysine (0.1 mg/ml) and laminin (0.02 mg/ml). Cells were cultured in DMEM supplemented with 5% fetal bovine serum (Invitrogen, Cergy Pontoise, France), 5% horse serum (Invitrogen) and 2 mM glutamine. Cultures were maintained at 37 1C in a humidified 5% CO 2 atmosphere. Cytosine b-D-arabinoside (10 mmol/l) was added after 3 DIV to inhibit glial proliferation. Various treatments were performed after 7 or 12-14 DIV as required.
Assessment of NMDAR-dependent signalling. Erk( 1 2 ) activation by phosphorylation was used as an index of NMDAR activity. Synaptic NMDARs were activated by exposure of the primary neuronal cultures to bicuculline (50 mM) and 4-AP (2.5 mM) during 1 h. At the indicated times, cells were chilled on ice and lysed in buffer containing Tris-NaCl-Triton 1% of protease inhibitor cocktail and 1% of phosphatase inhibitor cocktail. Lysates were clarified by centrifugation at 13 000 Â g for 10 min at 4 1C. Proteins were quantified by bicinchonic acid protein assay (Pierce, Thermo Fisher Scientific, Brebières, France) and processed for immunoblotting.
Immunoblotting. Protein samples (20 mg) were resolved on a 10% SDSpolyacryl-amide gel and transferred onto a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked with 5% dried milk in Tris-buffered saline containing 0.05% Tween-20 and incubated with primary antibodies (antiphosphorylated Erk( ) levels (d1/1000; Cell Signalling) were investigated either after stripping of the PVDF membranes used for p-ERK or by running separated immunoblots from the same protein extracts.
Excitotoxic neuronal death. Excitotoxicity was induced by exposure to NMDA (50 mM) in serum-free DMEM supplemented with 10 mM of glycine (MS-glycine) for 10 min or 1 h. Wherever mentioned, tPA and inhibitors were coapplied with NMDA. Neuronal death was quantified 24 h later by measurement of the activity of the lactate dehydrogenase (LDH) released from damaged cells into the bathing medium with a cytotoxicity detection kit (Roche Diagnostics, Mannheim, Germany). The LDH level corresponding to the maximal neuronal death was determined in sister cultures exposed to 200 mM NMDA (LDH max ). Background LDH levels were determined in sister cultures subjected to control washes (LDH min ). Experimental values were measured after subtracting LDH min and then normalized to LDH max -LDH min to express the results in percentage of neuronal death.
Protocol for priming before NMDAR activation. Synaptic NMDAR were activated by exposure of neuronal cultures (14 DIV) to bicuculline (50 mM), 4-AP (2.5 mM) (1 h) or KCl (75 mM, 15 min) and were simultaneous blocked or not by addition of MK-801 (10 mM). Then, neurons were washed with MS-glycine (serum-free DMEM supplemented with 10 mM of glycine), and after 1 h, NMDAR were activated by exposure to NMDA (50 mM).
Extraction of total RNA. Total RNAs were extracted from cultured cells or tissues by using the NucleoSpin RNA II kit from Macherey-Nagel. The samples were lysed in RA1 buffer containing 1% of b-mercaptoethanol. After filtration of the lysates on Nucleospin filter units, total RNAs were purified on Nucleospin RNA II columns according to the manufacturer's instructions and eluted with RNasefree water.
Quantitative real-time RT-PCR. One microgram of total RNAs from each sample was reverse transcribed using the Promega RT system (Promega, Charbonnieres, France; reverse transcription: 421C for 1 h). Two primers were designed for each gene using the Beacon Designer software (Bio-Rad, Marnes-laCoquette, France). Primer alignments were performed with the BLAST database to ensure the specificity of primers.
PCR solutions were prepared with RNase-free water containing primers and IQ SYBR Green Supermix (Bio-Rad). For PCR amplification, 20 ml of mix were added to 5 ml of reverse transcription reaction diluted earlier (1 : 20) . Two negative controls were performed during each experiment. In the first control, we used samples without reverse transcription as a template to control contamination of RNA with genomic DNA. In the second control, we used RNase-free water instead of cDNA to prove that qPCR mixes were not contaminated with DNA. Assays were run in triplicate on the iCycler iQ real-time PCR detection system (Bio-Rad). The amplification conditions were as follows: Hot Goldstar enzyme activation, 951C for siRNA oligos (40 nM) were transfected into primary cortical cultures of neurons maintained 10-11 DIV by using a modified protocol in the presence of Lipofectamine 2000 (2 mg) (InVitrogen). The Stealth RNA negative Control Duplexes (InVitrogen) that is not homologous to any known genes was used as transfection efficiency detector and a negative control to ensure against induction of non-specific cellular events caused by introduction of the oligoribonucleotides into cells. The Stealth siRNA/lipofectamine complexes were applied during 6 h. Cultures were replaced with MS-glycine after the transfection and cells were treated 48 h later. After characterization by qPCR, among the three siRNA oligo duplexes against NR2D subunit, we selected the one that presents the most significant knockdown effect (GRIN 23; 40% of reduction).
In vivo excitotoxic lesions. Male Swiss mice (20-24 g; CERJ, Paris, France) were housed in a temperature-controlled room on a 12-h light/12-h dark cycle with food and water ad libitum. Experiments were performed in accordance with French ethical laws (act no. 87-848; Ministère de l'Agriculture et de la Forêt) and European Communities Council Directives of 24 November 1986 (86/609/EEC) guidelines for the care and use of laboratory animals. Animals were deeply anesthetized with isoflurane 5% and, thereafter, maintained with 2.5% isoflurane in a 70%/30% mixture of N 2 O/O 2 . Rectal temperature was maintained at 37 ± 0.5 1C throughout the surgical procedure using a feedback-regulated heating system. A catheter was inserted into the tail vein, then excitotoxic lesions were performed. Hippocampal or cortical bilateral injections (coordinates: À2.3 mm posterior, À1.8 mm lateral, À1.1 mm ventral or -coordinates: 0.5 mm posterior, ± 3.0 mm lateral, À0.8 mm ventral to the bregma, respectively) of NMDA (cortex: 2.5 nmoles; hippocampus: 5 nmoles; total volume of 0.33 ml) versus phosphate-buffered saline (PBS) (pH 7.4; total volume 0.33 ml) were performed after placing the animals under a stereotaxic frame. Solutions were injected by the use of a micropipette made with hematologic micropipettes (calibrated at 15 mm/ml; assistant ref 555/5; Hecht, Sondheim-Rhoen, Germany). The needle was removed 3 min later. Finally, 200 ml bolus intravenous injections of tPA (10 mg/kg) or saline were performed after intracerebral injections.
Histological analysis of lesion volume. After 24 h, mice were anesthetized and transcardially perfused with cold heparinized saline (15 ml) followed by 150 ml of fixative (sodium phosphate buffer 0.1 M, pH 7.4 containing 2% paraformaldehyde and 0.2% picric acid). Brains were frequently rinsed in a coons buffer containing 20% sucrose before freezing in Tissue-Tek (Miles Scientific, Naperville, IL, USA). Cryostat-cut coronal brain sections (10 mm) were collected and stained with Fluoro-Jade C. Regions of interest were determined through the use of a stereotaxic atlas for the mouse and an image analysis system (MetaVue software, Molecular Devices, Downingtown, PA, USA) was used to measure the lesioned area. The results are expressed as mean±S.E.M.
